ABSTRACT DNA from virus-negative AKR mouse embryo cells is infectious for NIH 3T3 cells if the transfected cells are treated with 5-iododeoxyuridine (IdUrd) either before or after addition of the DNA. The virus isolated after transfection of the AKR DNA is an ecotropic murine leukemia virus (MuLV) Previous transfection studies have shown that retroviral DNA is infectious either as an unintegrated proviral DNA genome from acutely infected cells (1-4) or as an integrated proviral DNA genome from chronically infected cells (5-10). However, DNA from cells known to contain unexpressed but potentially infectious endogenous viral genomes is not infectious under the same transfection conditions (11). Thus, except for the demonstration that DNA from avian cells can complement the reverse transcriptase lesion in a temperature-sensitive mutant of Rous sarcoma virus (12), DNA from normal cells has not yet been shown to be infectious, despite genetic, biologic, and biochemical studies that indicate that endogenous retroviral genomes are present in cells from many species (13, 14) . The demonstration of complete retroviral expression from the DNA of normal cells would show directly that the cell DNA is potentially infectious. In addition, an infectivity assay for an endogenous viral genome would be useful in attempting to elucidate the cellular and viral mechanisms that restrict the expression of the viral genome in the endogenous state and permit its expression in the productively infected state.
AKR MuLV or Rauscher MuLV is infectious with or without
IdUrd treatment of the recipient cells, but the infectivity is not enhanced by IdUrd. The results indicate that the endogenous AKR MuLV DNA genome is potentially infectious. The data are consistent with an IdUrd-sensitive restriction in the recipient NIH 3T3 cells that revents viral replication from endogenous AKR MuLV DNA Cut does not prevent viral replication from MuLV DNA of productively infected cells. Previous transfection studies have shown that retroviral DNA is infectious either as an unintegrated proviral DNA genome from acutely infected cells (1) (2) (3) (4) or as an integrated proviral DNA genome from chronically infected cells (5) (6) (7) (8) (9) (10) . However, DNA from cells known to contain unexpressed but potentially infectious endogenous viral genomes is not infectious under the same transfection conditions (11) . Thus, except for the demonstration that DNA from avian cells can complement the reverse transcriptase lesion in a temperature-sensitive mutant of Rous sarcoma virus (12) , DNA from normal cells has not yet been shown to be infectious, despite genetic, biologic, and biochemical studies that indicate that endogenous retroviral genomes are present in cells from many species (13, 14) . The demonstration of complete retroviral expression from the DNA of normal cells would show directly that the cell DNA is potentially infectious. In addition, an infectivity assay for an endogenous viral genome would be useful in attempting to elucidate the cellular and viral mechanisms that restrict the expression of the viral genome in the endogenous state and permit its expression in the productively infected state.
Although all inbred mice (Mus musculus) apparently contain endogenous retroviral genomes (15, 16) that are potentially infectious (17) , strains vary markedly in their viral expression in vivo and in vitro (18) (19) (20) (21) . Some retroviral genomes, such as the ecotropic murine leukemia virus (MuLV) genome of the AKR mouse (22, 23) , can be readily activated from AKR cells by the halogenated pyrimidines 5-iododeoxyuridine (IdUrd) and 5- Chemicals. IdUrd was purchased from Sigma and it was stored at 1 mg/ml in sterile phosphate-buffered saline at -20°C.
DNA Isolation. Bulk cellular DNA was isolated as described (30) except that, prior to treatment with RNase, the ethanolprecipitated nucleic acid was wound on a rod instead of being concentrated by centrifugation. This modification was used because the centrifuged DNA was more difficult to redissolve than was the "spooled" DNA. This DNA had an average molecular weight of greater than 5 X 107. It was stored at 150-300 ,g/ml (20 A260 units/,ug DNA) at 4°C in 10 mM NaCl/10 mM Tris, pH 8.0 /0.5 mM EDTA. Stored DNA is still infectious after 1 year.
Because it was critical that untreated AKR 2B cells not be producing virus at the time of DNA isolation, at least 2 X 106 AKR cells from the pool of cells used for each AKR DNA isolation were cocultivated with SC-1 cells, passaged at least twice, and found at that time to be negative for MuLV by the XC plaque test (31 Table 2 , this DNA (IdUrd AKR DNA) was not infectious for the untreated NIH cells; however, it was infectious if the recipient cells were treated with IdUrd prior to transfection of the DNA. These results are consistent with the hypothesis that the IdUrd renders the NIH cells permissive for transfection by AKR DNA because of a primary effect on the NIH cells, although an additional primary effect on the transfected DNA cannot be totally excluded.
Effect of IdUrd on the Infectivity of DNA from Productively Infected Cells. Although IdUrd treatment of the recipient NIH cells produced striking results for AKR DNA, it was possible that the effect of IdUrd represented a relatively nonspecific enhancement of the sensitivity of the transfection assay rather than a more specific effect on the expression of the endogenous AKR MuLV genome. To distinguish between these two possibilities, it was important to determine if the infectivity Characterization of Viral Isolates. Virus isolated following transfection of the AKR DNA has been partially characterized biologically and biochemically. It has been found to be indistinguishable from the endogenous AKR MuLV. As shown in Table 4 , several viral isolates were titrated simultaneously on NFS and BALB/c embryo cells, SC-1 mouse cells, and on S+L-mink lung cells. The two viral isolates from cells transfected with AKR DNA, the isolate from cells transfected with IdUrd AKR DNA, and a non-tissue-culture adapted AKR MuLV all have an XC plaque titer more than two orders of magnitude higher on NFS cells than on BALB/c cells and were not infectious for the S+L-mink cells. In addition, the titration pattern of these viruses followed one-hit kinetics on NFS and SC-1 cells and two-hit kinetics on BALB/c cells (data not shown). These isolates therefore are all N-tropic MuLV. Furthermore, these isolates had titers approximately 1.5 orders of magnitude higher on SC-1 cells than on NFS cells; this higher titer on SC-1 cells is characteristic for a non-tissue-culture adapted MuLV (26) . By contrast, virus isolated from cells transfected with DNA from cells chronically infected with a tissue culture passaged AKR MuLV has almost the same titer on NFS cells as on SC-1 cells, as reported for tissue culture adapted MuLV (26) . These results indicate that the virus isolated from the IdUrd-treated NIH 3T3 cells transfected with AKR DNA is a non-tissue-culture adapted N-tropic ecotropic MuLV, as would be expected for the endogenous AKR MuLV.
In molecular hybridization studies using a 3H-labeled single-stranded DNA probe complementary to AKR MuLV RNA, viral RNA from the AKR transfection isolates hybridized to the same extent as known AKR MuLV (Table 5 ). The thermal stability of the hybrids was also similar. These results also support the conclusion that the viruses isolated from the NIH cells transfected with AKR DNA represent the endogenous AKR MuLV. Proc. Natl. Acad. Sci. USA 75(1978) The viral RNA was isolated from the viral isolates defined in Table  4 . Moloney MuLV was propagated in SC-1 cells. Feline leukemia virus was from FL-74 cells. Hybridizations of viral RNAs were with AKR MuLV [3H]cDNA probe. At saturation, AKR-Ll MuLV RNA protected 80% of the input counts from S1 nuclease digestion. This value was normalized to 100%. * Temperature at which 50% of the hybridized counts remained resistant to S1 nuclease digestion. ND, not done. DISCUSSION The initial experiments described in this report indicate that, although DNA from cells chronically infected with AKR MuLV is readily infectious under standard transfection conditions, AKR cell DNA (which contains the AKR MuLV genome in an unexpressed form) is not infectious under the same conditions. These transfection results, therefore, correlate with the state of expression of the AKR MuLV genome in the cells from which the DNA was isolated. These findings suggest that the transfected cells may regulate the expression of the transfected MuLV DNA by mechanisms similar to those that regulate viral expression in the cells from which-the DNA was extracted. Similar correlations have been reported for the transfection of expressed and unexpressed avian retroviral genomes (11) .
The present report also shows that the AKR cell DNA (9) . However, Svoboda et al. (24) reported that this treatment enhanced the transfection efficiency of the Rous sarcoma viral genome when DNA from XC cells was transfected onto chicken embryo fibroblasts.
There are several parallels between the effect of IdUrd on the infectivity of DNA and its effect on virus activation in cells in tissue culture. First, endogenous AKR MuLV is activatable in tissue culture by IdUrd; similar results have been obtained in the transfection studies reported here. Second, the concentrations of IdUrd that are most efficient for activation of virus in tissue culture also render the AKR DNA infectious (23) . Third, at concentrations that most efficiently induce virus in tissue culture, IdUrd has been reported to enhance the infectivity of exogenous virus by less than 10°5 (41), compared with an enhancement of approximately 106 for the endogenous AKR MuLV (22, 23) . In the transfections reported here, the findings have been analogous. These similarities between the two systems suggest that the mechanism(s) by which IdUrd activates endogenous virus from cells and by which it renders transfected cells permissive for the endogenous viral DNA may be the same. The IdUrd transfection system therefore may represent a fruitful system in which to study endogenous virus activation by IdUrd or perhaps other viral inducers (42) , because it theoretically can allow investigations in which either cellular or viral determinants can be manipulated separately.
One limitation of the transfection experiments is that they unequivocally demonstrate only that the portion of the AKR MuLV genome that is missing in the NIH 3T3 DNA has been transfected from the AKR DNA, because NIH 3T3 cells contain DNA sequences that are similar to some sequences of the AKR MuLV genome (39, 40) . The data therefore cannot formally exclude the possibility that each positive AKR DNA transfection is the result of recombination between those sequences in the AKR MuLV genome that are not found in the NIH 3T3 cells and the crossreacting sequences that are present. However, it is much more likely that the entire AKR MuLV genome has been transfected from the AKR DNA because the biologic and biochemical studies showed that the AKR transfection isolates were indistinguishable from MuLV isolated directly from AKR cells. Also, the transfection studies have not determined which of the several endogenous AKR viral loci account(s) for the infectivity. It has been reported that the AKR mouse contains two AKR MuLV loci determined by infectivity assay (18) , three viral loci by serologic assay (43) , and three or four copies of the viral genome by molecular hybridization (16, 39) .
A major unresolved question raised by the infectivity studies of cell DNA concerns the molecular basis for the apparently different regulation of unexpressed and expressed viral genomes. The results suggest that differences in the molecular organization of the viral genome or its adjacent host sequences or both determine the biologic activity of the viral genome. The single-hit titration pattern of infectious DNA from expressed integrated retroviral genomes (6, 10) indicates that the infectious viral DNA is a single molecule, presumably without intervening host sequences. It is also likely that the endogenous AKR viral genome is located at a single site in the DNA (40) . It has been hypothesized that a host-coded cis-acting control element adjacent to the endogenous viral genome prevents its expression; in a productively infected cell, the viral genome would not be near this control element and the viral genome would therefore be efficiently expressed (11) . It 
